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Carrier dynamics acquire a new character in the presence of Bloch-band Berry curvature, which
naturally arises in gapped Dirac materials (GDMs). Here we argue that photoresponse in GDMs
with small band gaps is dramatically enhanced by Berry curvature. This manifests in a giant and
saturable Hall photoconductivity when illuminated by circularly polarized light. Unlike Hall motion
arising from a Lorentz force in a magnetic field, which impedes longitudinal carrier motion, Hall
photoconductivity arising from Berry curvature can boost longitudinal carrier transport. In GDMs,
this results in a helicity-dependent photoresponse in the Hall regime, where photoconductivity
is dominated by its Hall component. We find that the induced Hall conductivity per incident
irradiance is enhanced by up to six orders of magnitude when moving from the visible regime (with
corresponding band gaps) to the far infrared. These results suggest that narrow-gap GDMs are an
ideal test-bed for the unique physics that arise in the presence of Berry curvature, and open a new
avenue for infrared and terahertz optoelectronics.
Hall currents flow in a direction transverse to an ap-
plied electric field. This transverse motion, a signature
of time-reversal symmetry breaking in electronic systems,
has its most dramatic impact in the Hall regime, where
the conductivity is dominated by the Hall component.
As a result, a number of novel behaviors can manifest in
DC transport including deformed current flows [1], and
a quantized Hall effect [2]. Of current special interest
is the dynamical behavior of electronic systems which
possess topological Bloch-bands [3–7]. In these systems,
electrons can feature unusual dynamics that give rise to
novel optical and opto-electronic responses, e.g., quan-
tum Faraday and Kerr rotation in the Hall regime [5–7].
So far, attaining novel optical/opto-electronic responses
associated with topological Bloch-bands have required ei-
ther large magnetic fields [6, 7], or magnetic topological
insulators [5].
Recently, gapped Dirac materials (GDMs), character-
ized by an energy gap 2∆ [9–18], have been found to
exhibit a valley Hall effect [12–14, 18–23]. GDMs include
transition metal dichalcogenides [17, 18], dual-gated bi-
layer graphene (BLG) [13–15], and graphene on hexag-
onal boron nitride heterostructures (G/hBN) with bro-
ken A/B sublattice symmetry [9–12]. In these, valley-
specific Hall motion arises at zero magnetic field due to
Bloch-band Berry curvature [19–23]. When the valley
carrier population is imbalanced (“valley polarized”, see
Fig. 1a), a charge Hall effect manifests [18–23]. For ex-
ample, a small Hall voltage at zero magnetic field was
observed in monolayer molybdenum disulfide (MoS2), a
wide-gap GDM with 2∆ = 1.9 eV [17], when valley polar-
ized [18]. However, the corresponding Hall conductivities
measured in Ref. 18 were small, and the system was far
from the Hall regime.
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FIG. 1: a) Population imbalance between valley K and K′
in a gapped Dirac material (GDM) with energy gap 2∆. The
imbalance can be achieved via absorption of circularly polar-
ized light. [inset] Berry curvature Ω(p) distribution in valley
K (blue) and K′ (dashed). b) Giant photoinduced Hall con-
ductivity, σpexy, as a function of photoexcited carrier density in
a single valley, nKpe. Note that the green curve, ∆ = 950 meV
(corresponding to MoS2), is almost flat in comparison with
those for narrow-gap GDMs. Parameters used: nK
′
pe = 0, ini-
tial carrier concentration n0 = 0, and v = 10
8 cms−1.
Here we argue that narrow-gap GDMs possess a giant
photoinduced Hall conductivity σpexy when the valley car-
rier populations are imbalanced (Fig. 1a), which can be
achieved via the absorption of light with non-zero helic-
ity [20]. In particular, we find σpexy in these narrow-gap
GDMs can reach values as high as Ne2/h, (Fig. 1b) even
at small photoexcited carrier densities in a single val-
ley nKpe; here N is the spin degeneracy. This contrasts
strongly with the case of wide-gap GDMs (Fig. 1b, blue
vs. green curves). Narrow-gap GDMs can be realized in
G/hBN heterostructures and dual-gated BLG, where the
gap can take on small values 2∆ <∼ tens×meV [9, 12–16].
Key to attaining giant values of σpexy is the ∆ depen-
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2dence of the anomalous velocity of carriers, vζa, that
characterize their valley Hall motion [12–14, 18–23].
In graphene with broken A/B sublattice symmetry, vζa
peaks near band edges as [22, 23]
vζa =
q
h¯
E× Ωζ±(p)zˆ, Ωζ±(p) =
±h¯2ζv2∆
2(v2|p|2 + ∆2)3/2 , (1)
where E is the applied electric field, q is the carrier
charge, Ωζ±(p) is the Berry curvature, ζ = ±1 denotes
valley K or K ′, ± denotes the conduction and valence
bands, v is the Dirac particle velocity, and p are mo-
menta taken relative to the K and the K ′ points. Impor-
tantly, as we explain below, Ω(p) (see Fig. 1a) exhibits a
peak height (width) that gets higher (narrower) as ∆ de-
creases. As a result, a small nKpe in narrow-gapped GDMs
can carry a large anomalous Hall current.
Strikingly, σpexy in narrow-gap GDMs can exceed the
longitudinal photoinduced conductivity, σpexx, providing
access to the Hall regime. For GDMs, we find Hall ratios,
tan θH = σ
pe
xy/σ
pe
xx, given by
tan θH =
4An˜
npe
[
n˜1/2√
n˜+
nK′pe
2
− n˜
1/2√
n˜+
nKpe
2
]
, A = e
4hn˜η
,
(2)
where A is the maximal Hall ratio, npe = nKpe + nK
′
pe
is the total photoexcited carrier density (per spin),
n˜ = ∆2/4piv2h¯2 is a gap-dependent characteristic density
scale (for ∆ 6= 0), η is the mobility of electrons and holes,
and h is Planck’s constant. When the GDM is maximally
polarized, e.g. nKpe 6= nK
′
pe = 0, tanθH approaches A for
small values of nKpe. As a result, σ
pe
xy > σ
pe
xx in narrow-
gap GDMs for a fairly large range of mobilities η (shaded
region, Fig. 2a).
We emphasize that anomalous transport described by
Eq. (1) contrasts starkly with that achieved in a mag-
netic field, with important qualitative consequences. In
a magnetic field, Hall motion arises from a Lorentz force,
which impedes the longitudinal motion of charge carri-
ers. In contrast, σpexy can enhance longitudinal transport.
As we show below, σpexy suppresses the bulk longitudinal
photoresistivity (Fig. 2b), and enhances the global two-
terminal photoconductance (Fig. 2d). This underscores
the dichotomy between magneto-transport, and anoma-
lous transport arising from Bloch-band Berry curvature.
HALL PHOTOCONDUCTIVITY IN GDMS
We begin with the simplified GDM hamiltonian H =
HK + HK′ , describing the low energy excitations in
graphene with broken A/B sublattice symmetry [24] (e.g.
G/hBN):
HK,K′ = τ · d(p), d(p) = (vpx, ζvpy,∆) (3)
where HK , HK′ describe electronic states in the valleys
close to the K and K ′ points, and τ = τxxˆ+ τyyˆ + τz zˆ.
Here τx,y,z are the Pauli matrices operating on the sub-
lattices, and p = (px, py) lies in x-y (in-plane). 2∆ is
the difference between the on-site energies for the A and
B sub-lattices (yielding the gap 2∆) and v is the veloc-
ity of Dirac particles for εp  ∆. We note that Eq. (3)
captures the essential long-wavelength physics of a broad
range of GDMs. In particular, a similar analysis also ap-
plies for dual-gated BLG (see Supporting Information).
The eigenfunctions of Eq. (3) are the pseudo-
spinors: |ψ(0)+ (p)〉 = (cos θ2e−ζiφ, sin θ2 ), and |ψ(0)− (p)〉 =
(sin θ2e
−ζiφ,−cos θ2 ) [24], where the two components refer
to the wavefunction weight on A and B sites respectively,
tanθ = v|p|/∆, and tanφ = py/px. These yield energy
eigenvalues ε±p = ±
√
v2|p|2 + ∆2.
In GDMs, the velocity of an electron wavepacket, x˙ζp,
in valley K or K ′ depends on the relative amplitude and
phase of the electronic wavefunction on the sub-lattice A
and B sites. For example, when the wavefunction weight
is completely on the A site, the carrier velocity vanishes;
velocity similarly vanishes when the wavefunction weight
is on the B site only. Using the wavefunction weight on
A and B sub-lattice sites shown in |ψ(0)± (p)〉 above, the
carriers in the ± bands possess the usual group velocity
∂ε±p /∂p.
However when an electric field E is applied, the
wavefunction becomes perturbed |ψ±(p)〉 = |ψ(0)± (p)〉 +
|δψ(p)〉, altering the wavefunction amplitude and phase
on the A and B sub-lattice sites. As a result, x˙ζp acquires
an additional contribution, the anomalous velocity vζa,
as [22]
x˙ζp =
∂ε±p
∂p
+ vζa, (4)
where anomalous velocity is given in Eq. (1); the energy
dependence of vζa in Eq. 1 can be obtained from a pertur-
bative analysis, see e.g. Section 2 in Ref. 22. Intuitively,
we note that first order perturbation theory in E yields
|δψ(p)〉 that scales inversely with the energy difference
between the + and − states, ε+p − ε−p . Therefore |δψ(p)〉
and vζa are peaked at the band edge where the energy dif-
ference reaches a minimum of 2∆ (see Fig. 1a inset). Im-
portantly, for carriers close to the band edge (v|p|  ∆),
the anomalous velocity vζa ∝ 1/∆2[Eq. (1)]. As a result,
for 2∆ small in narrow-gap GDMs, band edge carriers
attain giant values of vζa, enabling them to carry a large
anomalous Hall current.
The anomalous velocity, vζa, skews the electron velocity
x˙ζp so that it is no longer parallel to its momentum. As
a result, Bloch electrons in each of the valleys experience
a Hall effect even without the application of a magnetic
field [8, 22], albeit of opposite sign. In our analysis below,
we do not consider extrinsic disorder-related mechanisms
which can contribute to the anomalous Hall effect [8].
3Instead, we concentrate on the intrinsic mechanism in
GDMs, arising from vζa, to clearly illustrate the features
in the photo-induced Hall regime.
We proceed by writing the current density j =
q
∑
p,±,ζ f
ζ
±(p)x˙, yielding ji = σijEj . Here f
ζ
±(p) is the
distribution function of the carriers with ±, ζ denoting
conduction/valence bands and valley K/K ′ respectively.
Focussing on the Hall conductivity, and using Eq. (4), we
have
σxy =
Ne2
h¯
[∑
p,±
fK± (p)Ω
K
± (p)+
∑
p,±
fK
′
± (p)Ω
K′
± (p)
]
. (5)
We note that at zero magnetic field, ΩK
′
± = −ΩK± [22].
At equilibrium, the distribution functions fK,± = fK′,±,
giving equal carrier densities in each of the valleys,
nK = nK′ , and, as a result, σxy vanishes. However, when
pushed out of equilibrium, fK 6= fK′ , yielding σxy 6= 0.
Assuming fast relaxation of the photoexcited carriers
to the band-edge [25, 26], the steady-state carrier popula-
tion in each of the valleys can be modeled by distribution
functions with split electron and hole quasi-Fermi levels:
fζ+(p) = [1+e
β(ε+p−µel,ζ)]−1, fζ−(p) = [1+e
β(ε−p−µh,ζ)]−1,
(6)
where µel,ζ 6= µh,ζ are the electron and hole quasi-fermi
levels induced by photoexcitation, β = 1/kBT , and T the
temperature.
We first examine the degenerate limit, µel,h,∆ kBT .
Writing the initial carrier density per spin before irradi-
ation as nK = nK′ = n0, and using Eq. (5) and Eq. (6),
we obtain a photo-induced Hall conductivity as
σpexy =
Ne2
h
[
FK(nKpe/2) + FK′(nK
′
pe /2)
]
,
Fζ(x) = ζ
2
(
1−
[ n˜1/2√
n˜+ n0 + x
+
n˜1/2√
n˜+ x
])
, (7)
where Fζ with ζ = ±1 denote contributions of the K
and K ′ valleys respectively, and n˜ = ∆2/4piv2h¯2 is the
characteristic density. Here we noted that the photoex-
cited electron and hole densities can be written as nel,h =
µ2el,h/4pih¯
2v2 − n˜, and neglected finite T corrections by
setting T = 0 (see below for discussion of temperature de-
pendence). We have also taken nKel = n
K
h = n
K
pe/2, and
nK
′
el = n
K′
h = n
K′
pe /2, where nel and nh are the photoex-
cited electron and hole populations in the K,K ′ valleys.
Crucially, n˜ = ∆2/4piv2h¯2 determines the charac-
teristic scale with which valley population imbalance,
δn = nKpe − nK
′
pe , yields appreciable σxy (of the or-
der Ne2/h). For example, for ∆ = 10 meV, we find
n˜ = 1.8 × 109 cm−2 (setting v = 108 cm s−1). As a re-
sult in narrow-gap GDMs, only a small imbalance δn is
needed to achieve sizable σpexy. This unusual behavior
is a result of states close to the band edge contributing
the maximum amount to Hall conductivity in GDMs [23]
(Fig. 1a).
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FIG. 2: a) The Hall regime in GDMs can be accessed when
σpexy > σ
pe
xx, indicated by the shaded area which shows the val-
ues of ∆ and η required in order to achieve the Hall regime.
The black line corresponds to A = 1 [Eq. (2)], where A is the
maximal Hall ratio. (inset) The Hall ratio can be controlled
by nKpe. Here we plot the Hall ratio for ∆ = 10 meV and
η = 104 cm2/(Vs), with the shaded region indicating the Hall
regime. b) In the Hall regime, longitudinal (bulk) photoresis-
tivity, ρxx = V/(ID), experiences a large suppression. Solid
line parameters used are the same as in the inset to (a). Here
D = L1/W is a geometrical factor, and the gray region indi-
cates Hall regime. For comparison, the dashed line shows the
photoresistivity for σpexy = 0. c) Equipotentials in a finite rect-
angular geometry (length and width, L and W ) are deformed
in the presence of large σpexy, shown for σxy/σxx = −10, 0, 10
respectively. Current flow lines (black arrows) are normal to
equipotentials when σxy/σxx = 0 (center panel). In contrast,
in the Hall regime, current flow lines follow the equipotentials
resulting from the absorption of LCP/RCP light in GDMs
(top/bottom panels, see text). d) Enhanced two terminal
photoconductance, G = I/V , for a square geometry L = W
(inset), which exhibits a non-linear nKpe dependence in the Hall
regime (gray region). Here η = 1, 0.5, 0.25 × 104 cm2/Vs for
blue, magenta, and green curves respectively, with parameters
same as (a) inset. Dashed lines correspond to G with σpexy = 0.
The above analysis is valid in the semiclassical limit, where
the mean free path is larger than the electron wavelength.
Taking n0 = 0, we find a giant photoinduced Hall
conductivity σpexy, shown in Fig. 1b. Here we have set
nK
′
pe = 0, with only carriers in the K valley excited. The
maximum achievable σpexy is Ne
2/h as shown in Eq. (7),
when nKpe  n˜. Since n˜ can be small in GDMs with nar-
row gaps, this saturation behavior can be easily accessed.
An opposite sign of Hall conductivity is obtained when
instead K ′ carriers are photoexcited, e.g., by absorption
of light with opposite helicity. σpexy can be directly mea-
sured in a four-terminal Hall-type geometry, as in Ref. 18.
Interestingly, σpexy [Eq. (7)] can be tuned by gating the
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FIG. 3: a) At finite temperature, both K and K′ possess
thermally excited carriers. b) Photoinduced Hall conductiv-
ity, σpexy, decreases as a function of temperature. Shown are
plots obtained numerically integrating Eq. (5) for kBT/∆ =
0.1, 0.5, 1, 2, 5 (top to bottom); dashed curve is Eq. (7) where
T = 0 and we have set the chemical potential before photoex-
ciation to be in the gap. Note that kBT/∆ = 2.6 for room
temperature and ∆ = 10 meV.
material, and exhibits an even behavior in n0 reaching a
maximum when n0 = 0 (charge neutrality). Due to its
even-ness, σpexy is robust to density inhomogeneity. This
contrasts with that of ordinary Hall conductivity, which
changes sign with carrier type, and vanishes for charge-
neutral systems.
At finite temperature, both K and K ′ valleys possess
thermally excited carriers (Fig. 3a). We plot the temper-
ature dependence of σpexy in Fig. 3b. Here we have inte-
grated Eq. (5) numerically using Eq. (6). The photoex-
cited carrier density was also obtained numerically via
nK,K
′
pe =
∑
p fζ,±(p). In our plots, we characterized the
temperature dependence via the dimensionless parameter
kBT/∆. As shown in Fig. 3b, σ
pe
xy decreases as tempera-
ture increases. In particular, temperature dependence of
σpexy becomes pronounced only when kBT/∆
>∼ 1. This
arises since Ω(p) in Eq. (1) only varies appreciably when
v|p| ∼ ∆. As T is increased, the typical square-root type
dependence of σpexy on n
K
pe straightens out, approaching a
nearly linear dependence for large temperatures (see e.g.
kBT/∆ = 5 in Fig. 3b). In plotting Fig. 3b, we have
chosen the chemical potential before photoexcitation to
lie inside the gap, so that n0 = 0 for T = 0.
PHOTOINDUCED HALL REGIME
To give a sense of scale, it is useful to compare σpexy
to the longitudinal photoconductivity, σpexx. We use a
simple model for σpexx = eNηnpe, where npe = n
K
pe + n
K′
pe
is the photoexcited carrier density (per flavor/spin N),
and n0 = 0. Here η is the mobility of electrons and
holes. Taking the ratio of σpexy in Eq. (7) and σ
pe
xx, we
obtain the Hall ratio in Eq. (2). Setting the maximal
Hall ratio to unity, A = 1, we obtain the black curve in
Fig. 2a. This indicates that a large range of mobilities
yield σpexy > σ
pe
xx, see shaded region. The Hall ratio can
be controlled via the photoexcited carrier density, and
is maximized at small values of nKpe (Fig. 2a inset). We
note that when ∆ = 0, the terms inside the brackets of
Eq. (2) vanish.
For G/hBN, gap sizes 2∆ ≈ 10−40 meV, and mobility
varying from η ≈ 5 × 103 to 105 cm−2/(Vs) have been
inferred [9–12]. We anticipate that for the smallest gap
sizes, ∆ ≈ few ×meV [9–12], and the lowest mobilities,
Hall ratios of order ten may be obtained.
Access to the photoinduced Hall regime invites a com-
parison with magneto-transport of charge carriers. In the
latter, the Lorentz force due to the presence of a magnetic
field impedes the longitudinal motion of charge carriers.
For example, for a single carrier type in a homogeneous
system, a simple Drude model yields bulk σxx that is
suppressed with increasing magnetic field; it also yields a
longitudinal resistivity that is unchanged with magnetic
field [1].
In contrast, in the photoinduced Hall regime in GDMs,
we find that (bulk) longitudinal photoresistivity, ρxx, be-
comes suppressed. Writing j(r) = σ [−∇φ(r)], and in-
verting σ, we obtain
ρxx =
σxx
σ2xx + σ
2
xy
=
C
σpexx
, C = 1
1 + (tanθH)2
, (8)
where we have set σxx = σyy = σ
pe
xx to accentuate
the contribution of the photoexcited carriers. In the
Hall regime in Fig. 2b, we find C  1 leading to a
suppressed ρxx (solid line) as compared to the case of
σxy = 0 (dashed line). For example, ∆ = 10 meV and
η = 104 cm2/(V s), we find C ≈ 0.1 resulting in a large
suppression. This can be measured via non-invasive local
probes in long Hall bars (Fig. 2b inset), so that the probes
are far away from distorted fields near the contacts.
The dichotomy between magneto-transport and the
photoinduced Hall regime in GDMs arises from the dif-
ferences in the origin of their Hall motion. In magneto-
transport, the Lorentz force alters the force balance on
charge carriers, and diverts momentum transversely; this
impedes longitudinal motion. In the photoinduced Hall
regime, va appears in addition to longitudinal flow in
Eq. (4), and does not obstruct longitudinal motion since
it does not enter into the force balance. As a result,
smaller electric fields are sustained giving a suppressed
ρxx in Eq. (8) [32].
The Hall regime can also change the “global” pattern
of current flow [1, 27–29], as shown in Fig. 2c. Here we
have contrasted φ(r) given |σxy|  σxx (top and bottom
panels) with σxy = 0 (middle panel) [33]. In the former
case, current flow is non-uniform. Indeed, when the sign
of σxy is changed, e.g. by changing between left- (LCP)
and right- (RCP) circularly polarized irradiation, the lo-
cation of “hot-spot” regions of largest electric field can
switch.
5As a result, the two-terminal conductance G = I/V ,
acquires a sensitivity to σxy [27–30]. Here I =
∫W
0
jydx,
and V = φsource − φdrain (Fig. 2d inset). In an arbitrary
geometry, G can be obtained numerically [29, 30]. How-
ever, for a conducting square L = W [27, 28],
G =
[
(σxy)
2 + (σxx)
2
]1/2
= σpexy
√
1 + 1/(tan θH)2, (9)
where in the last line we have set σxx = σ
pe
xx, and
σxy = σ
pe
xy (realizable for n0 = 0 and kBT/∆  1). For
brevity, we focus on this geometry. Using σxy = σ
pe
xy ob-
tained for GDMs in Eq. (7), we obtain the two-terminal
photoconductance in Fig. 2d.
In the Hall regime at small nKpe, σ
pe
xy provides the dom-
inant contribution to the two-terminal conductance G
(Fig. 2d), which displays a non-linear nKpe dependence
that resembles that of σpexy in Fig. 1b. This is particu-
larly pronounced at low nKpe, where G displays a “uni-
versal” profile that is insensitive to mobility, boosting G.
At large nKpe  n˜, the Hall ratio diminishes, and G loses
its sensitivity to the helicity of the incident light (dashed
line). In that regime, σxx dominates G.
The boost to G in the photoinduced Hall regime in
GDMs contrasts with that of magneto-transport. In the
latter, G decreases in the presence of a magnetic field
in the semiclassical limit [34]. The dependence of G on
the degree of circular polarization, and the boost to lon-
gitudinal carrier motion [Eq. (2), Eq. (9)], are striking
signatures of the unique Hall regime accessed in narrow-
gap GDMs.
ENHANCED VALLEY-IMBALANCE RATE
We now turn to valley-imbalance, δn = nKpe − nK
′
pe , in-
duced by the absorption of circularly polarized light [18,
20]. As we argue below, narrow-gap GDMs can experi-
ence an enhanced rate of imbalance between the valleys
dδn/dt (as compared with their wide-gap GDM counter-
parts) when irradiated by light of non-zero helicity. We
model the rate of electron-hole pair creation in each val-
ley, WK(K′), via Fermi’s golden rule
WK(K′) =
2pi
h¯
∑
k
|MK(K′)k |2δ(εk − h¯ω/2), (10)
where the matrix elements are M
K(K′)
k =
iev
2ω 〈ψ+|Exτx+
ζEyτy|ψ−〉 [31], and the incident light electric field is E
with photon energy h¯ω ≥ 2∆. Eq. (10) arises from writ-
ing p → p − eA/c in Eq. (3), with the vector potential
satisfying A = icωE.
Using the pseudo-spinor states |ψ±(p)〉 for GDMs
given above, we have 〈ψ+|τx|ψ−〉 = sin2 θ2e−iζφ −
cos2 θ2e
iζφ, 〈ψ+|τy|ψ−〉 = i
(
sin2 θ2e
−iζφ + cos2 θ2e
iζφ
)
. For
normally incident circularly polarized light, E = |E|(xˆ+
idyˆ)/
√
2, where d = ±1 for LCP and RCP polarizations,
which gives the rate (per spin N)
W dK = W0
(2∆
h¯ω
+ d
)2
, W dK′ = W0
(2∆
h¯ω
− d)2, (11)
where W0 = e
2|E|2/(16h¯2ω), and h¯ω ≥ 2∆. Eq. (11)
describes valley selective electron-hole transitions result-
ing from the absorption of light with non-zero helicity, in
agreement with Ref. 20.
The K and K ′ asymmetry in Eq. (11) yields a valley
population imbalance rate (per spin N)
dδn
dt
= 2
(
W dK −W dK′
)
= d
e2|E|2
h¯2ω
∆
h¯ω
, (12)
where h¯ω ≥ 2∆, and the factor of 2 in the second
line accounts for both electron and hole populations.
The rate dδn/dt grows quickly for decreasing ω, and
reaches a maximum at h¯ω = 2∆, yielding max(dδn/dt) =
e2|E|2/4h¯∆; dδn/dt vanishes for h¯ω < 2∆. As a result,
large K/K ′ carrier density imbalance rates, dδn/dt, can
be achieved for narrow-gap GDMs when irradiated with
circularly polarized light on resonance with the gap.
Combining the enhancements for narrow-gap GDMs
in both Eq. (7) and Eq. (12) yields a large value of σpexy
per incident light irradiance, Pin = c|E|2/(4pi). This is
particularly striking in the low irradiance regime where
we can expand Eq. (7) to lowest order in δn. This gives
a linearized photoinduced Hall conductivity, σ˜pexy, as
σ˜pexy
Pin = d
S0
(h¯ω)2∆
, S0 =
4Ne2
h
αpi2h¯2v2
γ
, (13)
where α = e2/h¯c is the fine structure constant, and we
have estimated δn = γ−1(dδn/dt), where γ the net relax-
ation rate that may include electron-hole recombination
as well as inter-valley scattering; we have taken n0 = 0.
For incident LCP/RCP light with frequency above the
gap, σ˜pexy/Pin scales as [(h¯ω)2∆]−1, reaching a maximum
for h¯ω = 2∆, where it scales as σ˜pexy/Pin ∝ 1/∆3. As a
result, we find σ˜pexy/Pin can vary over six orders of mag-
nitude from ∆ ≈ 1 eV (e.g. MoS2) to ∆ ≈ 10meV (e.g.
G/hBN). This large scaling clearly underscores how the
effect of Berry curvature on photoresponse is maximized
for narrow-gap GDMs.
In conclusion, GDMs with small gaps are an ideal sys-
tem in which to probe and utilize the anomalous motion
of carriers resulting from the presence of Berry curva-
ture. The giant Hall photoconductivity in such narrow-
gap GDMs results in unique phenomena that can be ob-
served at room temperature, including access to the Hall
regime in the absence of a magnetic field. Unlike the
case of the conventional Hall effect due to a magnetic
field, which impedes longitudinal motion, Hall photocon-
ductivity arising from Berry curvature in GDMs boosts
it. This demonstrates the contrast between conventional
6magneto-transport, and Berry curvature induced trans-
port, and unveils new means of controlling carrier trans-
port at zero magnetic field.
The implications for far-infrared and terahertz opto-
electronics are intriguing. While the Hall photoresponse
of GDMs with large gaps – e.g. molybdenum disulfide
(MoS2) – is likely too small for practical optoelectronics
applications, the corresponding photoresponse in narrow-
gap GDMs, such as graphene on hexagonal boron nitride
(G/hBN), can be significant. In a simple two-terminal
photoconductor, the anomalous conductance boost can
provide additional sensitivity at low input powers. Ad-
ditionally, combining such a valley Hall photoconduct-
ing detector with a traditional photodetector can yield
a measurement of the degree of circular polarization of
an incident wave, without the need for wave-plates or
other polarization-conversion schemes. Furthermore, di-
rect measurements of the Hall photocurrent in a four-
terminal Hall-bar geometry may yield a photoconductor-
like detection mechanism that exhibits zero net dark cur-
rent, even in the presence of a large voltage bias. This un-
usual characteristic, when combined with the giant Hall
photoconductivity of narrow-gap GDMs, provides a new
route toward high-sensitivity long-wavelength detectors.
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SUPPLEMENTARY INFORMATION TO “GIANT
HALL PHOTOCONDUCTIVITY IN
NARROW-GAPPED DIRAC MATERIALS”
In this supplement we discuss Berry curvature and Hall
photoconductivity in dual-gated Bilayer graphene which
can host an energy gap tunable by an inter-layer electric
potential.
σpexy in dual-gated bilayer graphene
For small inter-layer biases, the low energy hamiltonian
of dual-gated bilayer graphene can be approximated in
the compact fashion similar to Eq. (3) of the main text
as HK,K′ = d(p) · τ but with d(p) written as S[1–3]
d(p) = (v2[p2x − p2y]/γ1, 2ζv2pxpy/γ1, ∆), (S-1)
where γ1 is the nearest-interlayer-neighbor hopping am-
plitude, and ζ = ±1 for electron in the K and K ′ valleys
as in the main text. This hamiltonian is valid so long as
γ1  ∆, and v|p|  ∆. Since γ1 ≈ 0.38 eV S[4], and
2∆ ≈ few − 100 meV have been reported S[5–8], Eq. (S-
1) captures the low-energy physics of dual-gated bilayer
graphene in the density range n n˜ we are interested in.
Here τ = τxxˆ+ τyyˆ+ τz zˆ, where τx,y,z are the Pauli ma-
trices which act on the A/B sub-lattice space in alternate
layers [i.e. the spinor is written as (ψB,top, ψA,bottom)].
Diagonalizing Eq. (S-1) yields energies
ε± = ±
√
v4|p|4/γ21 + ∆2. (S-2)
The Berry curvature for dual-gated bilayer graphene
in Eq. (S-1) can be written as S[2, 3, 6]
Ωζ± = ±
2ζh¯2∆γ1v
4|p|2
(v4|p|4 + γ21∆2)3/2
(S-3)
Interestingly, while peaked near the band edges, Ω(p) for
dual-gated BLG vanishes for p = 0, in contrast to Eq. (1)
in the main text for gapped single layer graphene.
Following the same procedure as the main text, we can
write the initial carrier density per spin before irradiation
as nK = nK′ = n0. Using Eq. (5) and Eq. (6) of the
main text, we obtain a photo-induced Hall conductivity
in dual-gated BLG as
σpexy =
Ne2
h
[
GK(nKpe/2) + GK′(nK
′
pe /2)
]
,
Gζ(x) = ζ
(
1−
[ (n˜n1)1/2√
x2 + n˜n1
+
(n˜n1)
1/2√
(x+ n0)2 + n˜n1
])
,
(S-4)
where n˜ = ∆2/(4pih¯2v2) is the same as in the main text
and n1 = γ
2
1/(4pih¯
2v2), and N = 2 is the spin degeneracy.
We note that the large Berry flux per valley in dual-gated
bilayer graphene yields a large maximal value of σpexy =
2Ne2/h. Eq. (S-4) yields a σpexy similar to that discussed
in the main text, exhibiting a saturation behavior, and
can also be tuned by carrier doping n0.
In contrast to gapped single layer graphene, the char-
acteristic density scale in dual-gated bilayer graphene is
n∗ =
√
n1n˜. (S-5)
We note that n∗ > n˜ since γ1  ∆. However, large
values of σpexy can still be achieved for small gap sizes
in Eq. (S-4), and for relatively low photoexcited carrier
density. Taking ∆ = 10 meV and γ1 = 0.38 eV, we find
relatively low n∗ = 6.8 × 1010 cm−2. Here we have used
v = 108cm s−1 as in the main text.
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